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ABSTRACT 


Polycrystalline  silver  chloride  specimens  having  different  microstructures  were 
prepared  by  extruding  monocrystals  or  precompressed  powder  at  varying  tem¬ 
peratures.  Extrusion  at  high  temperature  (370“C)  produced  a  fully  recrystallized 
equiaxed  material  which  was  brittle  and  fractured  by  simple  cleavage  below 
its  transition  temperature  (60°C  for  notched  specimens).  Extrusion  at  low 
temperatures  (down  to  -196eC)  produced  an  extremely  tough  cold  worked  material 
with  grains  elongated  in  the  extrusion  direction.  This  material  fractured  below 
its  transition  temperature  (which  varied  from  -20°C  to  -200°C)  by  an  intergranular 
mode. 

It  is  concluded  that  cold  work  increases  the  resistance  to  transgranular  cleavage. 
Fracture  is  then  deflected  to  propagate  intergranularly  over  surfaces  making  an 
angle  with  the  tensile  axis  with  a  corresponding  improvement  in  notch  toughness. 
This  deflection  is  greater  for  extruded  powder  than  for  extruded  monocrystals 
because  of  the  extremely  elongated  grain  shape. 
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.  IN  TkG&U  C  TION 

Previous  work  ’  ^  on  the  fracture  properties  of  fully  recrystallized  silver 
chloride  under  notch  impact  conditions  has  indicated  that  the  fracture  behavior 
is  rather  invariant.  Thus  polycrystalline  materials  originating  from  a  number 
of  sources  ranging  from  relatively  pure  Harshaw  single  crystals  to  commercial 
purity  powder  and  prepared  by  hot  -extrusion  at  370°C,  all  fracture  by  simple 
cleavage  with  ductile  brittle  transition  at  60°C  (see  Fig.  1).  This  behavior  is 
also  typical  for  fully  annealed  single  crystals  and  appears  to  be  fundamental 
to  silver  chloride  for  the  particular  loading  conditions  and  notch  configuration 
adopted. 

One  way  in  which  this  characteristic  fracture  behavior  can  be  modified  is  by  the 

(2) 

dispersion  of  alumina  particles  in  the  silver  chloride  matrix  .  Then, 
particularly  when  the  alumina  particles  are  in  the  shape  of  spheres,  the  ductive 
brittle  transition  is  much  less  sharply  defined  and  occurs  over  a  range  of  tem¬ 
perature,  the  transition  temperature  is  lowered  considerably  and  the  fracture 
mode  changes  from  simple  cleavage  to  a  fibrous  or  shear  mode.  The  reason 
for  this  change  is  believed  to  be  partly  due  to  the  nucleation  of  cavities  in  the 
region  of  the  dispersed  alumina  particles  which  influences  the  state  of  stress 
locally  and  the  distribution  of  plastic  constraint  at  the  root  of  the  notbh.  It  is 
emphasized  however  that  this  is  not  the  sole  factor  responsible  for  the  increase 
in  toughness.  Ih  extruded  materials  it  is  reasonable  to  expect  that  the 
resultant  grain  size,  texture,  and  the  residual  cold  work  will  be  influenced  by 
the  presence  of  a  dispersed  phase. 

The  importance  of  cold  work  in  crack  propagation  was  discussed  to  a  certain 
(3) 

extent  by  Frieder  '  who  analyzed  the  relationship  between  the  propagation  of 
cracks  and  the  work  hardening  characteristics  of  semi  brittle  solids.  He 
discussed  the  various  ways  in  which  plastic  deformation  could  inhibit  cleavage 
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fracture  propagation.  Briefly,  blunting  by  local  slip  at  the  crack  tips,  the 
interaction  of  craeks  with  dislocations  introduced  by  prior  cold  work  and  plastic 
relaxation  accompanying  crack  propagation  all  contribute  to  the  resistance  to 
crack  propagation. 

The  present  experiments  were  designed  to  determine  the  extent  to  which  cold 
work  influenced  the  fundamental  ductile  brittle  transition  temperature  and 
fracture  mode  of  silver  chloride.  They  were  stimulated  by  the  discovery  that 
silver  chloride  could  be  extruded  at  temperatures  as  low  as  -25°C  when  commercial 
purity  powder  was  used  and  as  low  as  -196°C  when  single  crystals  were  used. 

This  working  temperature  was  far  below  that  previously  used  (370°C)  and  it  was 
found  very  early  that  such  extruded  material  was  exceedingly  tough.  The 
reasons  for  the  enhanced  toughness  and  its  relation  to  the  previous  work  on  silver 
chloride-alumina  compacts  will  be  discussed. 


Two  forms  of  silver  chloride  were  used  in  this  study;  (1)  silver  chloride 
powder  of  analytical  reagent  (AR)  grade  with  an  average  particle  size  of  6ju 
obtained  from  the  Mallinckrodt  Chemical  Works  (St.  Louis,  Missouri); 

(ii)  optically  pure  monocrystals  of  silver  chloride  purchased  from  the  Harshaw 
Chemical  Company  (Cleveland,  Ohio). 

B.  PREPARATION  OF  THE  EXTRUSIONS  ' 

The  extrusion  technique  used  for  this  investigation  was  similar  to  that 
(2) 

described  previously'  in  which  a  cold  pressed  billet  or  a  cylindrical  single 
crystal  was  extruded  with  a  16:1  reduction  through  a  steel  die  to  produce  a  rod 
of  3/16"  diameter.  The  major  difference  was  that  a  range  of  extrusion  tem¬ 
peratures  was  employed.  When  AR  powder  was  used  as  starting  material,  sound 
extrusions  with  a  good  smooth  surface  could  be  obtained  at  extrusion  temperatures 
as  low  as  -25°C.  With  monocrystals  as  starting  material  it  was  possible  to  obtain 
sound  extrusions  at  even  lower  temperatures,  down  to  -196°C. 

C.  IMPACT  TESTS 

The  due  tile -brittle  transition  and  the  fracture  behavior  of  extruded  silver 
chloride  monocrystals  and  powder  were  investigated  by  subjecting  specimens 
to  impact  bending  tests  at  various  temperatures.  The  impact  specimens  were 
supported,  1-1/16"  apart,  at  each  end  and  subjected  to  an  impact  loading  at 
mid-span  -with  a  swinging  pendulum.  At  the  moment  of  impact,  the  strain 
rate  at  the  outermost  fiber  of  an  unnotched  specimen  was  60  per  second. 
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The  preparation  of  unnotched  impact  specimens  was  as  reported  previously, 
rods  1-1/4"  in  length  were  cut  from  the  extrusion  and  chemically  polished  before 
testing.  The  notched  specimens  were  prepared  by  rolling  or  by  machining  (in. 
those  instances  where  rolling  caused  the  specimens  to  crack)  flat  parallel  sur¬ 
faces  and  then  cutting  a  90°  notch  0.  025"  deep  with  a  razor  blade. 

The  following  baths  were  used  to  heat  or  cool  the  specimens  prior  to  impact 
testing.  Temperatures  between  20°C  and  175°C  were  obtained  with  a  heated 
bath  of  mineral  oil.  For  sub-zero  temperatures  iso-pentane  cooled  by  liquid 
nitrogen  was  used  and  liquid  nitrogen  and  liquid  oxygen  were  used  at  their 
boiling  points.  Below  liquid  nitrogen  temperature  specimens  were  lowered 
inside  a  liquid  helium  container  to  a  point  above  the  liquid  level  corresponding 
to  the  desired  temperature.  In  all  cases  at  least  five  minutes  were  allowed  for 
the  specimens  to  come  to  thermal  equilibrium  and  it  was  estimated  that  at  the 
moment  of  impact,  the  specimens  were  within  ±  3°C  of  the  intended  temperature 
for  temperatures  down  to  liquid  nitrogen  and  within  +  10°C  for  temperatures 
below  liquid  nitrogen  temperature. 

D.  COMPRESSION  TESTS 

For  the  purpose  of  this  investigation,  it  was  not  considered  necessary  to  measure 
the  absolute  stored  energy  due  to  cold  work  by,  for  example,  a  calorimetric 
method.  Instead, a  semi-quantitative  measurement  of  the  relative  amount  of 
residual  cold  work  was  sought  and  to  this  end  the  simple  yield  stress  under 
compression  was  used. 

Specimens  0.  080"  x  0.  080"  cross  section  and  .  160"  long  were  sectioned  from 
the  extrusions.  These  dimensions  were  chosen  because  they  allowed  at  least 
three  specimens  to  be  prepared  from  approximate  the  same  location  along  a 
given  extrusion.  Compression  tests  were  performed  in  the  Instron  machine 
at  a  strain  rate  of  0.  2  x  10'3  sec’1  at  the  beginning  of  the  test.  Lubricants 
were  used  to  minimize  friction  at  the  end  faces.  All  compression  tests  were 
performed  at  room  temperature. 
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III.  MICROSTRUCTURE  OF  LOW  TEMPERATURE  EXTRUSIONS 

Regardless  of  the  original  source,  whether  monocrystalline  or  powder,  the 
resultant  extrusions  were  polycrystalline  and  fine  grained  with  very  elongated 
grains  along  the  extrusion  axes-  Figure  2  depicts  a  typical  transverse  section 
and  Figure  3  a  typical  longitudinal  section  (parallel  to  the  extrusion  direction) 
of  an  extracted  single  crystal.  The  grains  in  the  cold  worked  regions  were  so 
fine  that  they  could  not  be  resolved  at  this  magnification,  the  large  grains  were 
due  to  partial  recrystallization  which  had  also  taken  place.  In  a  few  instances 
full  recrystallization  occurred  and  the  resulting  fairly  uniform  equiaxed  grains 
gave  a  microstructure  similar  to  that  produced  by  high  temperature  (370°C) 
extrusion  as  illustrated  in  Figure  4. 

The  partial  rec.rystallization  observed  met.allographically  on  extruded  single 
crystals  was  also  evident  in  their  x-ray  back  reflection  diffraction  patterns 
shown  in  Figure  5.  Due  to  the  inhomogeneous  nature  of  the  grains  in  the  majority 
of  the  specimens  and  the  relatively  small  size  of  the  x-ray  beam  (0.  030")  as 
compared  with  the  specimen  diameter  (0. 192"),  a  scanning  technique  was 
employed  to  obtain  representative  back- reflection  patterns.  In  this  technique, 
the  polished  longitudinal  section  of  the  specimen  was  exposed  to  the  x-ray 
beam  and  scanned  across  its  diameter  repeatedly  while  its  extrusion  axis 
remained  vertical  and  perpendicular  to  the  x-ray  beam.  It  can  be  observed 
that  there  is  a  certain  degree  of  preferred  orientation  in  the  low  temperature 
partially  recrystallized  extrusion  of  Figure  5.  Comparison  of  the  patterns 
from  various  extruded  monocrystals  worked  at  different  low  temperatures 
revealed  that  the  same  type  and  degree  of  preferred  orientation  persisted 
whenever  recrystallization  was  incomplete.  When  full  recrystallization 
occurred  at  high  temperatures  the  back  reflection  pattern  was  as  reproduced 
in  Figure  G. 


The  gi^ttfr  regulffitf feoSi low  temperature  extrusion  of  AR  silver  chloride 
powder  were  too  small  and  distorted  to  permit  etching  and  convenient  metallo- 
graphic  examination.  Figure  7  is  a  scanning  back  reflection  pattern  taken  on  a 
powder  specimen  extruded  at  room  temperature.  Comparison  with  Figure  5 
indicates  the  overall  fineness  of  the  grains  and  the  lack  of  any  large  recrystallized 
grains.  It  will  be  noted  also  that  there  is  a  moderate  preferred  orientation  with 
a  texture  different  from  that  observed  on  extruded  monocrystals.  Again, 
comparison  of  the  patterns  obtained  on  AR  powder  extruded  at  different  low 
temperatures  revealed  that  the  same  degree  and  type  of  preferred  orientation 
shown  in  Figure  7  persisted.  When  full  recrystallization  occurred  during 
extrusion  at  high  temperatures,  the  pattern  was  similar  to  Figure  6. 
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Figure  2  -  Transverse  Section  o 
Monocrvstal.  Extrud 


Figure  3  -  Longitudinal  Section  of  Extrusion  Prepared  from 
Monocrystal.  Extruded  at  50°  C.  X  200 
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Figure  3  -  Longitudinal  Section  of  Extrusion  Prepared  from 
Monocrystal.  Extruded  at  50°  C.  X  200 


Figure  4  -  Transverse  Section  of  Extrusion  Prepared  from 
Monocrystal.  Extruded  at  370°  C.  X  200 
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Figure  5  -  Seagoing  Back  Reflection 
Pattern  of  an  Extrusion  from  Monocrystal. 
Extruded  at  50°  C. 


Figure  6  -  Scanning  Back  Reflection 
Pattern  of  an  Extrusion  Prepared 
From  Monocrystal.  Extruded  at  370°  C. 


Figure  7  -  Scanning  Back  Reflection 
Pattern  of  an  Extrusion  from  AR  Powder. 
(Extrusion  temperature:  room  temperature) 


Extrusion  Axis 


IV.  EXPERIMENTAL  RESULTS 

A.  IMPACT  ENERGY  VS  TEMPERATURE  CURVES 

Figures  8  and  9  summarize  the  impact  energy-tempeature  relationship  for 
chemically  polished,  unnotched  specimens  prepared  from  extruded  mono- 
crystals  and  extruded  AR  silver  chloride  powder  respectively.  Figures  10  and 
1 1  summarize  the  results  for  notched  specimens  prepared  from  extruded 
monocrystals  and  extruded  powder  respectively.  It  should  be  noted  that  for 
an  energy  absorption  greater  than  8  in-lbs.  the  specimens  merely  bent  without 
fracturing. 

The  most  remarkable  observation  was  that  in  all  instances  where  extrusion 
resulted  in  incomplete  recrystallization,  the  nil-ductility  temperature  (the 
temperature  at  which  the  energy  absorbed  during  impact  began  t.o  increase) 
was  lowered  significantly.  Thus,  in  the  temperature  range  where  completely 
recrystallized  silver  chloride  is  brittle  and  absorbs  little  energy  in  fracture, 
the  extruded  partially  recrystallzed  material  is  much  tougher  and  absorbs  a 
higher  amount  of  energy.  On  the  whole, extruded  powder  is  tougher  than  the 
equivalent  extruded  single  crystal,  as  may  be  seen  particularly  by  comparing 
Figures  10  and  11.  An  unnotched  specimen  of  powder  extruded  at  room 
temperature  shows  the  ductile  brittle  transition  below  -220°C,  the  limit  of 
the  present  testing  procedure.  The  greatest  effects  of  low  temperature 
extrusion  on  the  ductile  brittle  transition  are  to  be  found  in  the  unnotched 
extruded  monocrystals  (Figure  8)  where  the  transition  temperature  drops 
150°C,  and  in  notched  extruded  silver  chloride  power  (Figure  11)  where  the 
transition  temperature  in  some  cases  drops  more  then  200°C.  (Note  this 
200°K  drop  is  produced  in  a  material  that  melts  at  only  700°K).  Finally,  it. 
should  be  noted  that  some  of  the  extrusions  in  Figure  11  show  the  ductile 
brittle  transition  over  a  wide  range  of  temperatures  whereas  the  phenomenon 
is  much  more  sharply  defined  in  the  fully  recrystallized  material. 
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IMPACT  TEMPERATURE,  °C 

Figure  8  -  Impact  Transition  for  Extrusions  from  Monocrystals,  Unnotched 


Figure  9  -  Impact  Transition  for  Extrusions  from  AR  Powder, 
Unnotched 
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B.  FRACTURE  SURFACE  APPEARANCE 


Fracture  surfaces  were  examined  with  both  the  optical  and  electron  microscopes. 

The  technique  for  producing  faithful  replicas  of  the  fracture  surface  for  examina- 

(2) 

tion  in  the  electron  microscope  has  been  described  elsewhere 
1.  Extruded  Powder  Compacts 

It  is  convenient  to  describe  the  fracture  surface  appearance  of  extruded  silver 
chloride  powder  compacts  first.  Figure  12  illustrates  the  macroscopic  differences 
in  fracture  path  for  various  notched  specimens  (the  corresponding  transition  curves 
are  in  Figure  11).  Fully  recrystallized  specimens  (extruded  at  370UC)  fractured 
by  simple  cleavage,  the  fracture  path  was  flat  and  normal  to  the  tensile  axis,  as 
shown  in  Figure  12(a).  As  reported  elsewhere'  for  silver  chloride  compacts 
containing  2-1/2  percent  alumina  spheres  (also  extruded  at  370°C)  the  locus  of 
the  fracture  surface  was  diverted  and  followed  a  zig-zag  path  approximately  at 
45°  to  the  tensile  axis  or  parallel  to  the  s  urf  ac  es  of  maximum  shear 
stress,  this  is  shown  for  comparison  in  Figure  12(b).  For  the  low  temperature 
powder  extrusions  the  fracture  path  was  strikingly  different, as  shown  in 
Figure  12(c)  and  followed  a  surface  considerably  inclined  to  the  tensile  axis. 

The  specimen  shown  in  Figure  12(c)  was  extruded  at  room  temperature  and 
fractured  in  impact  at  liquid  nitrogen  temperature. 

Figure  13  compares  the  macroscopic,  appearance  of  the  fracture  surface  for  fully 
recrystallized  material  (Figure  13(a)  )  and  powder  material  extruded  at  low 
temperatures  (Figure  13(b)),  These  should  be  related  with  Figures  12(a)  and 
12(c)  respectively.  The  fully  recrystallized  material  showed  a  typical  specular 
cleavage  surface  with  the  origin  of  cleavage  fracture  located  a  short  distance 
below  the  line  of  the  notch.  By  contrast,  the  cold  worked  material  had  a  rough 
satin  macroscopic:  appearance  typical  of  a  shear  fracture,  with  the  origin  located 
along  the  line  of  the  notch. 
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B.  FRACTURE.  SURFACE  APPEARANCE 


Fracture  surfaces  were  examined  with  both  the  optical  ahd  electron  microscopes. 

The  technique  for  producing  faithful  replicas  of  the  fracture  surface  for  examina- 

(2) 

tion  in  the  electron  microscope  has  been  described  elsewhere 
1.  Extruded  Powder  Compacts 

It  is  convenient  to  describe  the  fracture  surface  appearance  of  extruded  silver 
chloride  powder  compacts  first.  Figure.  12  illustrates  the  macroscopic  differences 
in  fracture  path  for  various  notched  specimens  (the  corresponding  transition  curves 
are  in  Figure  11).  Fully  recrystallize.d  specimens  (extruded  at  370"C)  fractured 
by  simple  cleavage,  the  fracture  path  was  flat,  and  normal  to  the  tensile  axis,  as 
shown  in  Figure  12(a).  As  reported  elsewhere  for  silver  chloride  compacts 
containing  2-1/2  percent  alumina  spheres  (also  extruded  at  3?0°C)  the  locus  of 
the  fracture  surface  was  diverted  and  followed  a  zig-zag  path  approximately  at. 

45°  to  the  tensile  axis  or  parallel  to  the  s  ur  f  ac  e  s  of  maximum  shear 
stress,  this  is  shown  for  comparison  in  Figure  12(b).  For  the  low  temperature 
powder  extrusions  the  fracture  path  was  strikingly  different, as  shown  in 
Figure  12(c)  and  followed  a  surface  considerably  inclined  to  the  tensile  axis. 

The  specimen  shown  in  Figure  12(c)  was  extruded  at  room  temperature  and 
fractured  in  impact  at  liquid  nitrogen  temperature. 

Figure  13  compares  the  macroscopic,  appearance  of  the  fracture  surface  for  fully 
recrystallized  material  (Figure  13(a)  )  and  powder  material  extruded  at.  low 
temperatures  (Figure  13(b)).  These  should  be  related  with  Figures  12(a)  and 
12(c)  respectively.  The  fully  recrystallized  material  showed  a  typical  specular 
cleavage  surface  with  the  origin  of  cleavage  fracture  located  a  short  distance 
below  the  line  of  the  notch.  By  contrast,  the  cold  worked  material  had  a  rough 
satin  macroscopic  appearance  typical  of  a  shear  fracture,  with  the  origin  located 
along  the  line  of  the  notch. 
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Figure  13(a)  -  Macroscopic  View  of  Fracture  Surface  Observed 
on  Extrusion  from  Monocrystals  Extruded  at 
370°  C.  X  10 


Figure  13(b)  -  Macroscopic  View  of  Fracture  of  an  Extrusion 
Made  from  AR  Powder.  Extruded  at  Room 
Temperature.  X  8 


Figure  13(b)  -  Macroscopic  View  of  Fracture  of  an  Extrusion 
Made  from  AR  Powder.  Extruded  at  Room 
Temperature.  X  8 
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At  higher  optical  magnification  it  could  be  seen  that  the  origin  of  cleavage  fracture 
in  the  fully  recrystalllzedmaterial  in  Figure  1 3(a)  was  intergranular, in  agreement 
with  previous  observations^,  Under  the  electron  microscope  the  fracture 
surfaces  presented  a  clear  cut  example  of  simple  cleavage  propatation  as  repro¬ 
duced  in  Figure  14(a).  But  again  the  appearance  of  the  fracture  surface  of  the 
cold  worked  material  under  the  electron  microscope  was  strikingly  different  and 
is  reproduced  in  Figure  14(b).  There  were  no  cleavage  markings,  nor  were  there 

any  tear  markings  characteristic  of  a  fibrous  or  shear  type  fracture  as  described 
(2) 

in  the  previous  paper  ,  instead  the  grains  and  grain  boundaries  were  distinct 
and  at  this  magnification  the  features  of  intergranular  fracture  were  unmistakable. 
The  fine  grain  size  and  elongated  appearance  of  the  grains  were  consistent  with 
the  microstructure  determined  from  the  x-ray  Laue  back  reflection  pictures  of 
Figure  7,  the  direction  of  elongation  was  found  to  be  parallel  with  the  extrusion 
axis. 

The  fracture  surface  appearance  of  unnotched  specimens  from  powder  extrusions 
showed  essentially  the  same  features  as  those  reported  here  on  the  notched 
specimens. 

On  the  basis  of  these  observations  it  was  deduced  that  in  the  heavily  cold  worked 
unrecrystallized  polycrystalline  material,  the  individual  crystallites  were  severely 
distorted  and  elongated  and  the  grain  boundaries  extremely  jagged.  This  micro- 
structure  bore  no  resemblance  to  the  ideal  equiaxed  grain  boundary  network 
in  fully  recrystallized  material.  It  is  important  to  point  out  that  the  full  realiza¬ 
tion  of  this  microstructure  and  an  appreciation  of  the  fracture  mode  was  possible 
only  with  the  utilization  of  the  high  resolution  electron  fractographic  technique, 
optically  the  surface  had  the  appearance  of  a  shear  fracture. 


Figure  14(a)  -  Electron  Micrograph  of  Fracture  of  Extrusions 

Made  from  AR  Powder.  Extruded  at  370“  C.  X  1400 


Figure  14(b)  -  Electron  Micrograph  of  Fracture  Surface  on  the 
Same  Extrusion  as  shown  in  Fig.  13(b).  X  5100 
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2. 


Many  of  the  observations  made  on  the  extruded  powder  material  were  repeated 
on  the  extruded  monocrystals.  Fully  recrystallized  specimens  (extruded  at 
370°C)',  for  example,  both  notched  and  unnotched,  fractured  by  simple  cleavage 
similar  to  Figures  12(a)  and  13(a)  with  the  exception  that  the  grain  size  was 
larger  and  specular  reflections  from  the  individual  cleavage  facets  were  more 
easily  recognized.  Single  crystals  extruded  at  low  temperatures  and  only 
partially  recrystallized  fractured  over  a  locus  which  made  an  angle  with  the 
tensile  axis.  However,  the  fracture  did  not  follow  such  an  extreme  path  as 
that  shown  in  Figure  12(c)  but  a  zig-zag.  path  similar  to  Figure  12(b)  to  leave 
the  ragged  surface  shown  in  Figure  15.  In  the  case  of  unnotched  specimens, 
fracture  started  at  the  surface  and  followed  a  similar  zig-zag  path. 

On  cursory  examination, the  macrocopic  appearance  of  these  cold  worked 
specimens  led  one  to  the  conclusion  that  fracture  had  occurred  by  simple 
cleavage.  Figure  16  shows  for  example  the  specular  reflections  observed  on 
the  surface  of  the  specimen  used  for  Figure  15.  Optical  examination  at  a  higher 
magnification  was  somewhat  complicated  by  the  duplex  nature  of  the  microstructure 
indicated  in  Figures  2,  3,  and  5  but  it  showed  that  while  the  recrystallized  grains 
had  definitely  fractured  by  cleavage  the  cold  worked  fine  grained  regions  had  not. 

Their  appearance  was  more  typical  of  the  fibrous  fracture  observed  on  silver 

(2) 

chloride-alumina  composites  . 

The  true  nature  of  the  fracture  mode  in  the  heavily  cold  worked  material  was 
again  revealed  only  when  these  regions  were  examined  with  the  high  resolution 
electron  fractographic  technique.  The  fracture  surface  then  showed  a  very 
fine  network  of  grain  and  sub  grain  boundaries  as  illustrated  in  Figure  17.  This 
particular  specimen  was  prepared  from  a  single  crystal  extruded  at  -150°C 
and  impacted  at  liquid  nitrogen  temperature.  .  Although  the  surface  was  macro- 
scopically  very  flat  (thus  accounting  for  the  cleavage-like  specular  reflections 
of  Figure  16)  there  were  no  cleavage  lines  and  it  was  concluded  that  the 
fracture  surface  was  again  intergranulatr,  except  that  the  sub-grains  were  much 
smaller  than  those  revealed  in  Figure  14(b)  and  were  not  so  elongated. 


-22- 


2.  Bxtfrttdyd  Mafioci’ya^Hls 

Many  of  the  observations  made  on  the  extruded  powder  material  were  repeated 
on  the  extruded  monocrystals.  Fully  recrystallized  specimens  (extruded  at 
370°C)',  for  example,  both  notched  and  unnotched,  fractured  by  simple  cleavage 
Similar  to  Figures  12(a)  and  13(a)  with  the  exception  that,  the  grain  size  was 
larger  and  specular  reflections  from  the  individual  cleavage  facets  were  more 
easily  recognized.  Single  crystals  extruded  at  low  temperatures  and  only 
partially  recrystallized  fractured  over  a  locus  which  made  an  angle  with  the 
tensile  axis.  However,  the  fracture  did  not  follow  such  an  extreme  path  as 
that  shown  in  Figure  12(c)  but  a  zig-zag,  path  similar  to  Figure  12(b)  to  leave 
the  ragged  surface  shown  in  Figure  15.  In  the  case  of  unnotched  specimens, 
fracture  started  at  the  surface  and  followed  a  similar  zig-zag  path. 

On  cursory  examination,the  macrocopic  appearance  of  these  cold  worked 

specimens  led  one  to  the  conclusion  that  fracture  had  occurred  by  simple 

cleavage.  Figure  16  shows  for  example  the  specular  reflections  observed  on 

the  surface  of  the  specimen  used  for  Figure  15.  Optical  examination  at  a  higher 

magnification  was  somewhat  complicated  by  the  duplex  nature  of  the  microstructure 

indicated  in  Figures  2,  3,  and  5  but  it  showed  that  while  the  recrystallized  grains 

had  definitely  fractured  by  cleavage  the  cold  worked  fine  grained  regions  had  not. 

Their  appearance  was  more  typical  of  the  fibrous  fracture  observed  on  silver 

(2) 

chloride-alumina  composites  . 

The  true  nature  of  the  fracture  mode  in  the  heavily  cold  worked  material  was 
again  revealed  only  when  these  regions  were  examined  with  the  high  resolution 
electron  fractographic  technique.  The  fracture  surface  then  showed  a  very 
fine  network  of  grain  and  sub  grain  boundaries  as  illustrated  in  Figure  17.  This 
particular  specimen  was  prepared  from  a  single  crystal  extruded  at  -150°C 
and  impacted  at  liquid  nitrogen  temperature.  .  Although  the  surface  was  macro- 
scopically  very  flat  (thus  accounting  for  the  cleavage-like  specular  reflections 
of  Figure  16)  there  were  no  cleavage  lines  and  it  was  concluded  that  the 
fracture  surface  was  again  intergranuldr,  except  that  the  sub-grains  were  much 
smaller  than  those  revealed  in  Figure  14(b)  and  were  not  so  elongated. 
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Figure  15  -  Macroscopic  View  of  Fracture  Path  of  an  Extrusion 
Made  from  Monocrystal  Extruded  at  -25°  C.  X  6 


-  Macroscopic  View  of  Fracture  Surface  on  Specimen 
Shown  in  Fig.  15.  X  8 


Figure  16 


Figure  17  -  Electron  Micrograph  of  Fracture  Surface  of 
an  Extrusion  Made  from  Monocrystal. 
Extruded  at  -150°  C.  X  2600 
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On  thi  basts  o#  these  observations  it  was  deduced  that  the  low  temperature 
extrusion  of  monocrystals  produced  a  microstructure  which  consisted  of  a 
few  recrystallized  grains  embedded  in  a  severely  distorted  Tine  grainedTnatrix. 

To  summarize  the  results  of  the  fracture  surface  investigations: 

(i)  Both  notched  and  unnotched  specimens  fracture  in  the  same  manner. 


(ii)  High  temperature  extrusion  produces  a  fully  recrystallized  matrix  which 
fractures  by  cleavage  from  an  intergranular  source. 

(iii)  Low  temperature  extrusion  produces  a  highly  distorted  fine  grained  matrix 
which  fractures  intergranularly. 

(iv)  The  respective  modes  are  observed  regardless  of  the  source  of  material 
although  the  macroscopic  appearance  can  be  very  different.  Thble  1 
summarizes  the  fracture  modes  observed. 


TABLE  1 

MODE  OF  FRACTURE  PROPAGATION  SUMMARY 

Extrusion  Temperature  Extrusions  from  Monocrystals  Extrusions  from  Powder 

370°C  Cleavage  Cleavage 

(0.85  T  )  Figure  14(a)  Figure  14(a) 

Below  100°C  Intergranular  Intergranular 

(0.5  T  )  Figure  17  Figure  14(b) 
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V.  DISCUSSION 


The  important  observations  of  the  preceding  sections  are  the  increased  tough¬ 
ness  of  cold  worked  silver  chloride  at  low  temperatures  and  the  change  in 
fracture  mode  from  clevage  for  fully  recrystallized  material  to  an  intergranular 
mode  for  cold  worked  material.  These  observations  must  be  interpreted  in 
terms  of  the  microstructure  of  the  respective  materials. 

First  we  consider  the  behavior  of  extruded  silver  chloride  powder  specimens. 

From  Figure  14(a)  it  is  observed  that  in  fully  recrystallized  silver  chloride 
fracture  prefers  to  proceed  by  clevage  across  the  grains  indicating  this  to  be 
the  path  normally  offering  least  resistance  to  crack  propagation.  On  the  other 
hand,  in  the  cold  worked  material  of  Figure  14(b)  it  is  noted  that  crack  propagation 
now  prefers  to  follow  intergranular  surfaces.  Thus,  cold  work  increases  the 
resistance  of  the  individual  grains  to  clevage  crack  propagation.  The  exact 
mechanism  that  brings  this  about  is  not  clear  at  the  moment,  but  interaction  of 
the  crack  front  with  the  dislocation  tangles  and  blunting  of  the  crack  tip  by 
local  slip  from  the  high  density  of  mobile  dislocation  sources  could  each  contribute 
extra  plastic  work  and  cause  the  crack  to  stall. 

The  fact  that  fracture  is  forced  to  switch  from  clevage  to  intergranular  pro¬ 
pagation  would  not  generally  be  expected  to  result  in  any  great  increase  in 
toughness,  but  in  the  present  case  the  microstructure  and  texture  play  an 
important  role  and  must  also  be  taken  into  consideration.  The  grains  are 
elongated  parallel  with  the  extrusion  direction  and,  therefore,  parallel  with  the 
length  of  the  impact  specimen.  To  break  such  a  specimen  in  two  the  fracture 
path  cannot  cut  across  the  grains  normally  because  of  cold  work,  but  is  deflected 
to  follow  the  intergranular  surfaces  and  make  a  small  angle  with  the  tensile  axis. 

This  effectively  blunts  the  crack  and  the  specimen  splinters  into  two  as  shown 
in  Figure  12(c).  In  addition,  because  the  specimens  are  so  severly  cold  worked 
the  intergranular  surfaces  themselves  are  not  smooth  but  are  distorted  and  roughened 
by  the  emerging  slip  steps.  Thus,  even  intergranular  propagation  is  affected  by 


cold  work.  It  is  believed  that  the  lowering  of  the  ductile  brittle  transition  of  the 
silver  chloride  powder  extrusions  in  Figures  9  and  11  is  due  to^the  eGrenbination 
of  these  two  factors;  first  an  increase  in  the  resistance  to  clevage  crack  pro¬ 
pagation  by  cold  work,  and  second,  the  fiber  texture  of  the  extruded  material 
forcing  intergranular  propagation  to  occur  over  roughened  surfaces  parallel 
to  the  tensile  axis. 

It  is  considered  that  the  behavior  of  extruded  silver  chloride  single  crystal 
specimens  is  besically  the  same.  Due  to  cold  work  the  fracture  is  again  forced 
to  follow  an  intergranular  mode,  but  the  grains  in  this  material  are  not  so 
elongated  following  extrusion  and  the  fracture  can  follow  a  path  more  nearly 
normal  to  the  tensile  axis  as  shown  in  Figure  15.  In  addition,  comparing 
Figures  14(b)  and  17  it  is  apparent  that  the  grain  or  subgrain  size  of  the  extruded 
monocrystal  (1.  5n  by  4 u)  is  somewhat  smaller  than  for  the  extruded  powder 
(2^  by  10n).  Consequently  the  marked  "geometrical"  effect  of  grain  shape  on 
crack  propagation  through  the  extruded  powder  material  is  lost  for  the  more 
equiaxed  extruded  single  crystal  material.  It  is  suggested  that  this  difference 
in  texture  explains  why  low  temperature  extrusion  produces  a  much  greater 
drop  in  the  ductile  brittle  transition  temperature  for  notched  powder  material 
(Figure  11)  than  for  notched  material  of  single  crystal  origin  (Figure  10). 

In  terms  of  this  interpretation  there  is  now  the  question  as  to  how  much  the 
resistance  of  a  material  to  fracture  can  be  modified  by  cold  work.  To  learn 
more  on  this  point  the  ductile  brittle  transition  characteristics  have  been 
correlated  with  the  compressive  yield  strength.  Table  II  lists  the  compressive 
yield  stress  of  various  extrusions. 
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taMJ  ft 

Comparison  of  Yield  Stress  (a)  with  Extrusion  Temperature 

J 

A.  Extrusions  Prepared  with  Monocrystals 


Ext.  Temp.  0  C 


gy.  PSj 


370 
-72 
R.  T, 
-25 
50 
-150 
-196 


1,  750 
4,  000 
4,  400 

4,  800 

5,  250 

6,  150 
6.  400 


B.  Extrusions  Prepared  from  AR  Powder 
Ext.  Temp.  0  C 


370 

3,  000 

75 

3,  950 

50 

4,  150 

R.  T, 

4,  900 

0 

5,  280 

-25 

5,  650 

The  apparent  anomaly  in  Table  IIA  wherein  extrusions  prepared  from  mono¬ 
crystals  at  -72°  C  are  less  strong  than  those  extruded  at  50°  C  may  be  resolved 
in  terms  of  the  microstructure.  For  some  reason,  the  material. extruded  at 
-72°  C  had  recrystallized  to  a  greater  extent  than  the  specimen  Sktruded  at  50°  C 
presumable  because  the  greater  amount  of  stored  cold  work  folloming  low 
temperature  working  was  relaxed  by  recrystallization  at  room  termperature. 
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Otherwise,  decreasing  the  extrusion  temperature  resulted  in  a  more  intensely 
cold  worked  matrix  and  a  higher  yield  strength  for  both  single  crystal  and 
powder  material.  It  is  interesting  to  note  that  the  very  low  temperature  single 
crystal  extrusions  (-150°  C  to  -196°  C)  were  significantly  stronger  than  any  of 
the  extruded  powder  specimens. 

Plotting  these  yield  stress  values  against  the  mil-ductility  temperatures  for  the 
corresponding  extrusions,  Figure  18  and  19  are  obtained.  It  is  important  to 
point  out  that  the  extrusions  prepared  at  370°  C  were  completely  recrystallized 
and  because  of  the  great  difference  in  microstructure  should  not  be  compared 
directly  with  the  other  extrusions,  they  were  included  on  the  figures  merely  to 
indicate  the  relative  magnitude  of  the  changes.  Due  to  the  semiquantitative  nature 
of  using  yield  stress  to  measure  cold  work  and  the  difficulty  in  determining  the 
nil-ductility  temperature  accurately  a  scatter  in  the  results  is  to  be  expected. 

From  Figure  18  it  is  apparent  that  variations  in  the  amount  of  cold  work 
introduced  by  extruding  single  crystals  at  low  temperatures  have  little  or  no 
effect  on  the  ductile  brittle  transition.  Thus,  once  the  specimens  are  sufficiently 
worked  to  lower  the  nil-ductility  temperature  to  -20°  C  the  introduction  of  more 
cold  work  has  no  significant  effect.  On  the  other  hand,  for  extrusions  prepared 
from  powder  in  Figure  19  there  is  a  definite  trend  to  indicate  that  the  initial 
tendency  for  cold  work  to  lower  the  nil-ductility  temperature  becomes  reversed 
and  that  for  excessive  amounts  of  cold  work  the  material  is  reembrittled.  This 
is  particularly  noticeable  for  the  powder  extruded  at  -25°  C  which  has  a  com¬ 
pressive  strength  of  5,  650  psi  but  a  nil-ductility  temperature  which  has  climbed 
from  -180°  C  back  up  to  -60°  C.  The  reason  for  this  change  in  behavior  must 
again  be  associated  with  microstructure  and  is  believed  to  be  due  to  the  fact 
that  when  precompressed  powder  is  extruded  at  very  low  temperatures  the  cold 
welding  of  the  individual  particles  does  not  result  in  good  intergranular  bonding 
and  it  is  then  easier  for  the  intergranular  cracks  to  propagate. 


Oy,  1000  PSI 

Nil-ductility  Temperature  vs.  Yield  Strength  for  Extrusions 
from  AR  Powder. 


In  attempting  to  isolate  the  influence  of  cold  work  in  this  manner  one  may  well 
question  whether  adequate  consideration  has  been  given  to  the  influence  of  other 
variables  such  as  grain  size  and  texture.  As  mentioned  previously,  for  the 
range  of  low  extrusion  temperatures  used  in  this  investigation,  it  is  observed  that 
the  degree  of  preferred  orientation  remains  unchanged  and  this  is  not  believed 
to  be  an  important  factor.  The  influence  of  grain  size  cannot  be  so  easile  dismissed 
since  the  inherent  inhomogeniety  of  cold  work  across  the  cross  sections  lends 
.to local  recrystallization  in  certain  areas  and  severely  distorted  grains  in  others. 

By  conventional  methods  it  is  difficult  to  arrive  at  a  meaningful  grain  size  for 
the  various  extrusions.  However,  close  examination  of  fractured  surfaces  in 
the  electron  microscope  has  revealed  that  all  extrusions  from  monocrystals 
(with  the  exception  of  those  which  recrystallized)  had  about  the  same  grain  size 
(1.  5/u  by  4p)  as  did  those  extrusions  from  powder  (2n  by  10/u).  Thus,  comparing 
results  from  a  given  source  material  as  in  Figures  18  and  19  is  a  fairly  legitimate 
means  for  measuring  the  effect  of  cold  work.  Comparing  results  on  material 
from  different  sources  is  confounded  by  the  extra  parameters  of  grain  size  and 
grain  shape  as  has  already  been  discussed. 

To  summarize,  it  is  concluded  that  cold  work  by  extrusion  increases  the 
resistance  of  individual  silver  chloride  grains  to  clevage.  Fracture  is  forced  to 
propagate  intergranularly  over  surfaces  making  a  small  angle  with  the  tensile 
axis  with  a  corresponding  improvement  in  notch  toughness.  The  angle  of  the 
fracture  path  is  much  smaller  for  extruded  powder  than  for  extruded  single  crystals 
because  of  the  elongated  grain  shape.  Increasing  the  amount  of  cold  work  by  de¬ 
creasing  the  extrusion  temperature  eventually  causes  reembrittiement  of  the  powder 
due  to  a  loss  of  intergranular  cohesion. 

At  this  point  it  is  worthnoting  that  the  modification  of  fracture  mode  and  increase  in 

/  2) 

toughness  accomplished  by  the  dispersion  of  spherical  particles  may  also  result 
in  part  from  change  in  the  stored  cold  work  and  texture  of  the  extruded  material 
even  though  the  extrusion  temperature  (370°  C)  is  now  well  in  the  full  recrystallization 


There -er-e  ofterexamples  in  the  literature  of  the  enhancement  of  notch  toughness 
through  the  presence  of  longitudinal  planes  of  weakness.  In  particular  it  has  been 
shown  hy  McEvily  and  Buslr^  that  in  the  case  of  an  ausformed  steel,  fracture 
prefers  to  follow  the  prior  austenitic  grain  boundaries  which  due  to  the  hot  work¬ 
ing  are  elongated  parallel  to  the  specimen  axis.  The  appearance  of  their  V-notch 
Charpy  fractures  are  strikingly  similar  to  those  reproduced  in  Figure  12(e)  of  the 
present  paper. 

These  observations  should  also  be  compared  with  the  dependence  of  the  bend 

ductility  transition  for  tungsten  containing  low  volume  percent  of  oxides  on  the 
(5) 

annealing  treatment  .  According  to  this  work,  as -rolled  tungsten  sheet  shows 
a  bend  transition  temperature  at  140°  C.  This  temperature  is  reduced  to  80°  C 
by  a  stress  relief  anneal  at  temperatures  up  to  1300°  C,  but  beyond  1300°  C  where 
initial  recrystallization  or  advanced  recovery  sets  in,  the  bend  ductility  trans¬ 
ition  temperature  is  increased  markedly.  The  drop  of  the  nil-ductility 
temperature  in  silver  chloride  (Figure  19)  from  -60°  C  for  severely  cold  work 
material  and  the  marked  increase  up  to  60°  C  for  fully  recrystallized  material 
is  quite  similar  to  the  above  quoted  tungsten  results.  We  are  currently  examining 
the  fracture  surface  appearance  of  tungsten  broken  under  different  conditions. 


elusions  are  drawn: 


foregoing  discussion, 


the  following  con- 


(1)  Cold  working  of  silver  chloride  in  the  form  of  extrusion  at  temperatures 
where  complete  recrystallization  does  not  take  place  decreases  its  impact 
nil-ductility  temperature. 

(2)  After  the  initial  decrease  of  nil-ductility  temperature  with  cold  working, 
additional  stored  cold  work  does  not  significantly  affect  the  nil-ductility 
temperature  for  extrusions  prepared  from  monocrystals. 

(3)  For  silver  chloride  extrusions  prepared  from  powder,  initial  cold  working 
decreases  the  nil-ductility  temperature,  but  additional  stored  cold  work 
raises  the  nil-ductility  temperature. 

(4)  Cold  working  by  extrusion  changes  the  fracture  mode  from  clevage  to 
an  intergranular  mode. 

(5)  It  is  condluded  that  cold  work  increases  the  resistance  to  crack  propagation 
by  clevage.  The  fracture  is  forced  to  occur  intergranularly.  The  micro¬ 
structure  of  extruded  material  causes  fracture  to  follow  an  intergranular 
path  almost  parallel  to  the  tension  direction.  These  two  factors  combine  to 
increase  the  toughness  of  silver  chloride. 
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